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INVESTIGATION OF SPuntERING EFFECTS ON 
TEE MOON'S SURFACE 

Fourteenth Quarterly Sta tus  Report 
Contract NASw-751 

ABSTRACT 

The poss ib i l i t y  t h a t  darkening a f  powder samples i n  laboratory ex- 

periments with a simulated s o l a r  wind is due t o  carbon eontamjn3tion i s  

re-examined and shown t o  be probable. 

published) t h a t  surface ca t a lys i s  affects the amount of darkening a r i s i n g  

from carhon contaminants is t en ta t ive ly  accepted. Catalysis  i s  c i t e d  as 

t h e  probable cause f a r  g rea t e r  darkening of ce r t a in  powder mixtures than 

of the separate pure powders. Darkening effects due t o  carbon a t  the 

lunar surface are evaluated semi-quantitatively. The input of carbon 

from t h e  s o l a r  wind alone i s  shown t o  be capable of darkening up t o  

roughly 400 gm/cm 

veyor 1 photographs of high albedo rocks amidst a dark powder t h a t  grows 

darker w i t h  depth is presented as evidence t h a t  darkening ac tua l ly  occurs 

f o r  material  exposed a t  the lunar  surface. An a l t e rna t ive  hypothesis 

t h a t  exposed surfaces increase i n  albedo (bleaching) is examined and re- 

jected. A model of surface powder formatian includiqg darkening i s  pre- 

sented and generalized t o  other  lunar  features. 

A suggestion by D. Nash ( t o  be 

2 of a lunar  surface powder. The observation i n  Sur- 

The f a c t  t h a t  the  dependence a f  the brightness of a number of lunar  

features  upon t h e  angles of incidence and emergence is governed by a 

Lommel-Seeliger f ac to r  is reinterpreted.  The dependence is only approxi- 

mate and must f a i l  near the  illuminated limb and at large phaae angles. 
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The s l i g h t  change i n  the apparent lunar  color a t  phase angles up t o  60" 

is  suggested t o  r e s u l t  from multiple sca t te r ing .  

is suggested as the  cause of an abrupt change i n  lunar  or  powder sample 

br ightness  a t  phase angles smaller than 3" ("opposition e f f ec t " ) .  

Multiple s ca t t e r ing  
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I. INTRODUCTION 

In  t h i s  quarter  w e  received a very in t e re s t ing  paper by D. Nash 

t i t l e d  "Proton-irradiation darkening of rock powders and solar-wind 

darkening of the  Moon", which he submitted t o  t h e  Journal of Geophysical 

Research. Later w e  received another paper submitted t o  the  same journal 

by R. Greer and B. Hapke t i t l e d  "Electron microprobe-characterization 

of microcrystall ine powders darkened by simulated solar-wind i r rad ia-  

t ion".  

r e l a t ed  subject,  namely, the op t i ca l  propert ies  of powders darkened by 

a simulated s o l a r  wind, the e d i t o r  suggested publ icat ion of the three 

papers together, with opportunity f o r  comments on the p a r a l l e l  papers, 

Our revised paper has now been submitted t o  the  ed i tor .  

Since w e  had a l so  submitted a paper t o  t h a t  journal on a c lose ly  

The revisions,  together w i t h  supporting measurements and calcula- 

t ions,  cons t i tu ted  a major e f f o r t  of t h i s  quarter  and form the l a t te r  

portion of t h i s  report .  The f u l l  paper w i l l  be included in  a l a t e r  re- 

port  i n  r ep r in t  form. The main revisions involved the powder-darkening 

controversy, the r e l a t ion  of approximate Lommel-Seeliger sca t te r ing  by 

cen t r a l  lunar features  t o  surface roughness and compaction i n  those fea- 

t u r e s ,  the  "opposition e f f ec t "  i n  t h e  brightness of na tura l  surfaces a t  

very small phase angles, and the r e l a t ion  of multiple sca t te r ing  t o  s l i g h t  

changes i n  co lo r  of na tura l  surfaces a t  moderate phase angles. Our o r i -  

g ina l  conclusions were not modified. 

Studies have continued on the  question of water formation due t o  

the  solar-wind bombardment of s i l i c a t e s .  Stecher and WilliamsC1) have 
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published a paper c lose ly  r e l a t e d  t o  t h i s  topic,  "Interstellar mole- 

cule formation", They point  out t h a t  molecule forplatJon under low 

pressure conditions takes place principall,y on small s o l i d  grains  by 

chemical-exchange reactions.  The r e s u l t  i n  our experiments is t h a t  

HzO re lease  follows a gradual buildup of OH concentration a t  Qr near 

t he  s o l i d  s i l i c a t e  surface when bombarded by hydrogen ions. The %O 

emission s t rongly  resembles the  emis$ion expected from H 0 desorption 

t h a t  would resu l t  from a temperature wave propagating through the  pow-. 
2 

der surface which i n  turn  would r e su l t  fratn gample heat ing by ion bom- 

bardment. Ef for t s  are continuing tovards a better understanding of 

these e f f ec t s .  

In  conjunction with the  water-formation s tudies ,  darkening of 

the samples under better-known vacuum conditions is  being studied. 

Experiments are planned which shoyld test Ishe importance of c a t a l y t i c  

cracking of carbon-carrying molecules on the  sample surfaces ,  Other 

experiments w i l l  be devoted t o  i so l a t ing  the cause of darkening, For 

example, we can vary the  p a r t i a l  pressures of carbon monoxide, carbon 

dioxide, water, o r  pump o i l  vapor a t  w i l l .  We w i l l ,  attempt t o  corre- 

l a t e  darkening with amounts of these molecules holding the  sample con- 

d i t i ons  fixed. 

Another problem t h a t  remains is  t h a t  w e  have so far failed t o  f i n d  

a powder which simultaneously matches the  photometric propert ies  of the 

moon i n  backscat ter  and approximate Lommel-Seeliger s ca t t e r ing ,  A mix- 

t u r e  of b a s a l t  and greenstone sbould s a t i s f y  the  former property because 
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greenstone backycattess too s t rongly while b a s s l t  is s l i g h t l y  too difuse 

as a sca t t e re r .  

propert ies  should have implications f o r  the compaction of t h e  lunar  sur- 

face powqer. 

We expect t h a t  the  simultaneous matching of these two 

In polar izat ion w e  want t o  look a t  the  effects of changes i n  the 

index of refract ion.  

i n  the lunar  surface powder would be changed i f  t h i s  variqble were 

introduced. 

Possibly our inference concerning p a r t i c l e  s izes  

Beam experiments seem point less  i f  carbon-carrying background gases 

mus'c be kept below 10- l -O  Torr (see Section 111) as our present beam 

f a c i l i t y  is then inadequate. Decisions on t h i s  point w i l l  follow from 

the  above experiments. 
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11. STRATIGRAPHY OF TKE LUNAR SURFACE FQWDER AND SURFACE DARKENING 

Photographs obtained by Surveyor 1 revealed t h a t  surface rocks 

are higher i n  albedo than a f i n e l y  divided powder t h a t  covers most 

of the surface.  In  addition, material  from a f e w  centimeters below 

the  l o c a l  surface was exposed by the motion of t he  Surveyor footpad 

upon landing, This dis turbed material was darker than nearby undis- 

turbed surface material. We want t o  point out t h a t  these three types 

of surfaces v i s i b l e  i n  the Surveyor photographs represent features  

of d i f f e ren t  age, i n  general. We w i l l  out l ine a model of t h e  erosion 

h is tory  i n  the v i c i n i t y  of Surveyor 1. The basic suggestion is t h a t  

a lunar surface s o i l  i s  being derived from surface rocks i n  analogy 

t o  the t e r r e s t r i a l  case. In  the c m e  of t he  moon, however, the ero- 

s ion mechanism is  the bombardment by micrometeorites, ra ther  than 

weathering. Since both micrometeorites and l a rge r  meteoroids stir the  

rock fragments on t h e  lunar surface, the  analysis is complicated. 

But a semi-quantitative calculat ion establ ishes  t h a t  the rock surfaces 

a re  t h e  youngest viewed and the subsurface material is the oldest .  

The succession of albedos then s t rongly points  t o  a progressive dark- 

ening of exposed surfaces.  The model i s  then generalized t o  explain 

some albedo contrasts  on the  moon. 
I 

To c l a r i f y  the  ro l e  af  lunar  surface darkening i n  t h i s  context, 

l e t  us  first suppose t h a t  .there were - no mechanism by which rock fragments 

on the  moon a r e  darkened. When rock material is fragmented, the albedo 

is invariably increased because l e s s  l i g h t  is l o s t  by absorption within 
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t h e  volume of the rock par t ic les ;  more of the  l i g h t  is  re f lec ted  a t  

p a r t i c l e  surfaces.  Then the  presence of high albedo rocks i n  the  

midst of a dark s o i l  becomes an enigma unless w e  postulate  the  ex is t -  

ence of a mechanism which brightens the surface of the  s o i l  s l i g h t l y  

and which brightens t h e  rocks  substant ia l ly .  The choice between a 

darkening and brightening mechanism is not immediately obvious but  

we w i l l  argue t h a t  brightening is  unl ikely and show why t h e  observed 

darkening is t o  be expected. 

The smallest  meteoroids from the interplanetary medium dis turb 

only a supe r f i c i a l  l ayer  on the moon, bu t  t h e i r  number is  so great  

t h a t  a un i t  area of the moon w i l l  be completely covered by primary 

impact c r a t e r s  i n  some ( f i n i t e )  cha rac t e r i s t i c  time. On the  other 

hand,meteoroid impacts involving masses above some c r i t i c a l  s i z e  are 

so  rare t h a t  the  large c ra t e r s  t h a t  r e s u l t  remain f o r  times of the  

order of t h e  age of the  moon. Thus the remains of large events on 

the  moon a re  generally ancient w h i l e  those from small events are re-  

l a t i v e l y  young, as has of ten been recognized. Put another way, the 

mQon is occasionally st irred t o  grea t  depth and commonly s t i r r e d  t o  

shallow depth. The rare events expose deep-lying rock and the  interim 

events tend t o  reduce those rocks t o  f i n e r  rubble. The rate of sur- 

face fea ture  ob l i t e r a t ion  was considered, f o r  example, by Bastin (2  ) 

who concluded tha t ,  as a lower l i m i t ,  primary craters alone of a f e w  

centimeters diameter must have completely disturbed a u n i t  area of the  

moon i n  t h e  pas t  10 yr. A more r e a l i s t i c  inf lux of meteoric material  7 

than the lower l i m i t  plus consideration of secondary c ra te r ing  e f f ec t s  
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could reduce t h i s  estimated time sca l e  several  orders of magnitude. 

If t h i s  is  the  case, t he  p o s s i b i l i t y  e x i s t s  t h a t  ancient rocks of up 

t o  roughly 1 m diameter i n  the  Surveyor v i c i n i t y  may have been re- 

duced completely t o  a f i n e l y  divided debris t h a t  now tends t o  bury and 

pro tec t  the remaining rocks, 

Most of the surface area around Surveyor 1 cons is t s  of a material 

too f i n e l y  divided t o  be resolved ( cO.5  m m ) .  

emphasized t h a t  the c r a t e r  shapes i n  the photographs of Luna 9 and 

Surveyor 1 require noncohesive or weakly cohesive surface materials 

having p a r t i c l e s  not exceeding a millimeter i n  s ize .  The imprint of 

the footpad of Surveyor 1 is  so smooth t h a t  it bas been widely recog- 

nized t h a t  t he  surface mater ia l  i n  t h a t  l o c a l i t y  has  pa r t i c l e s  mostly 

much smaller than 1 mm. Only c ra t e r s  deeper than 1 m near Surveyor 1 

a r e  c l ea r ly  associated w i t h  the angular blocks t h a t  appear t o  be rocks. 

Therefore 1 m may w e l l  be the approximate depth of the  f ine ly  divided 

rock material ( s o i l )  near Surveyor 1. The f e w  rocks t h a t  are seen i n  

t h a t  region seem t o  be i n  various stages of b u r i a l  and erosion. Sharply 

angular rocks tend t o  be well-exposed w h i l e  rounded (eroded?) rocks 

give t h e  impression of being i n  t h e  las t  s tages  of bur ia l .  

1 m diameter occupy only 1% of  the  surface and a l l  fragments a t  the  

Gault e t  al .  ( have 

Rocks of 

surface t h a t  are  v i s ib ly  angular occupy only 7.6% of the  surface. (4) 

If we consider, then, t h a t  1 m rocks cons t i tu te  what is now l e f t  of 

the source of surface s o i l ,  we see t h a t  the present s o i l  source i s  

very d i lu t e .  
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The mater ia l  disturbed by the  motion of the Surveyor 1 footpad 

had a v i sua l  albedo of 5.7% while t h e  undisturbed surface had an al-  

bedo of 7.776. (4) The rock albedos have not been reported. A n  albedo 

of 25% f o r  rock powder i s  representative i n  our experience and only a 

10% admixture of a powder of 25% albedo i n  a powder of 5.7% albedo is 

needed t o  r a i se  the albedo t o  7.776. 

L e t  us now consider a model of t h e  s o i l  deposition near Surveyor 1. 

We do not know how deep micrometeorite e j ec t a  from the rocks w i l l  pene- 

trate i n t o  the surface mater ia l  nor how deep t h e  micrometeorites w i l l  

mix t h i s  e j e c t a  in to  the dark material .  Ei ther  depth is  probably of 

the  order of t en  times the l a rges t  micrometeorite s i z e  t h a t  w e  have t o  

take in to  consideration. Meteoroids up t o  1OOp diameter, f o r  example, 

should a f f e c t  a depth considerably l e s s  than the  region d i s tu rbedby  

the  Surveyor footpad. The choice of a l a rges t  meteoroid diameter w i l l  

determine, on the  average, a maximum time span during which d is tur -  

bances took place. Let us  f o r  s implici ty  assume homogeneous mixing 

of rock e j ec t a  t o  depth L. Let us assume erosion of the rocks of 

area A a t  r a t e  il and homogeneous deposition of rock fragments a l l  

of diameter D a t  r a t e  z on area A If the  rock fragments a re  de- 

posited loca l ly  and do not pa r t i c ipa t e  i n  a net  t ransport  of mass 

away from t h e  region, then k = I: A /A and the  l o c a l  s o i l  surface 2 11 2 

is  r i s ing .  On the average, a rock fragment then spends a f rac t ion  

D/L of the time exposed a t  the surface and is  buried beyond depth L 

a f t e r  an elapsed time L/k2. 

the  pa r t i c l e ,  D/?2, is  independent of t he  assumed mixing depth, L, 

1 

2 2' 

The net  exposure time a t  the  surface f o r  
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If we now introduce an assumption of darkening of pa r t i c l e s  exposed 

a t  or nearly a t  the  surface, w e  see t h a t  darkening should be substan- 

t i a l l y  complete i n  a ne t  time increment of D/?iZ i f  a dark s o i l  is 

being formed from darkening rock fragments i n  an upper t r ans i t i on  

layer  of thickness  L. 

If we s e t  the darkening time = D/&, we discover t h a t  two of 

the fac tors ,  D and T , m e  presumably governed by exogenic or at  least 

moon-wide fac tors  w h i l e  k, is  r e l a t ed  t o  the  magnitude of the l o c a l  

rock fragment source. This f a c t  suggests t h a t  t h e  low albedo near 

Surveyor 1 is  r e l a t ed  t o  t h e  weakness of t h e  source of rock fragments 

i n  t h a t  v i c i n i t y  and t h a t  higher albedos i n  other  lunar  features might 

be due t o  more rapid deposition of rock fragments or t o  a net  trans- 

port  of surface material  t h a t  exposes undarkened material. 

Let us  estimate the darkening time T from the Surveyor 1 data. 

For the  erosion r a t e  on the rocks, z l e t  us adopt the  erosion r a t e  1’ 
inferred for  chondrit ic meteorites co l l id ing  with interplanetary dust 

as given by Fisher, ( ”  cm/yr. Actually, two p a r t i a l l y  compensa- 

t i n g  corrections should be made t o  t h i s  erosion rate. Chondrites 

spend time i n  the  as te ro ida l  region where dust dens i t ies  are probably 

higher. On the  other hand, they a r e  not subject  t o  erosion by secondary 

and t e r t i a r y  impacts as is  the moon. But those secondary impacts on 

lunar rocks come mostly from primary impacts occurring i n  the f ine ly  

divided material between the rocks, so  a r e a l i s t i c  correction f o r  secon- 

dary e f f e c t s  would require  b e t t e r  knowledge of t h e  s o i l  propert ies  and 

of c ra te r ing  i n  lunar  s o i l ,  i n  par t icu lar .  The dust density i n  the  
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as te ro id  region is  highly uncertain so t h a t  correct ion of the  chondri- 

t i c  erosion r a t e  t o  obtain the erosion by primary impacts a t  1 A.U. 

would be s imi la r ly  speculative. The d i lu t ion  f ac to r  f o r  the rock frag- 

ments, A1/A2, is about 2 t o  5% near Surveyor 1, depending on how many 

of the angular blocks a t  t h e  surface are considered t o  be primary 

sources of s o i l  material  (which i n  turn  depends upon how ancient i s  

the s o i l  exposed by the footpad). 

If w e  t a k e  D = 10 

-8 Therefore i2 = 2 t o  5 x 10 cm/yr. 

-2 cm from our polar izat ion s tud ie s , (6 )  we obtain 

.I. = D / i 2 * ( 2  t o  5 )  x 10 5 yr .  T h i s  time f o r  subs tan t ia l  darkening is 

probably an overestimate. We therefore  emphasize t h a t  the  darkening 

time is already very shor t  geologically. 

In  the above discussion, brightening of the exposed surface could 

be subs t i tu ted  fo r  darkening provided 1) the rocks of t h e  moon a re  in- 

t r i n s i c a l l y  very dark, 2 )  t h e r e  is a mechanism which makes exposed sur- 

faces of dark rocks become l i g h t ,  and 3)  meteorite erosion is removing 

the brightened material  from the region viewed by Surveyor 1, In  dis-  

cussion of t h i s  p o s s i b i l i t y  one can o f f e r  t h e  following remarks: 

1) Carbonaceous chondrites are i n t r i n s i c a l l y  very dark and might remain 

so  when f ine ly  divided. 

l i g h t  t o  agree w i t h  lunar albedos a f t e r  comminution t o  a f i n e  enough 

powder t o  agree with lunar  polar izat ion propert ies .  

the  moon is  su f f i c i en t ly  uncertain so t h a t  i t s  composition could re- 

semble carbonaceous chondrites. 2a)  In t h i s  vein it might be supposed 

t h a t  energetic hydrogen ions of the solar wind might succeed i n  selec-  

t i v e l y  removing carbon from a supe r f i c i a l  l ayer  of such rocks by forming 

Dark rocks from t e r r e s t r i a l  lavas become too 

But the  o r ig in  of 
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a v o l a t i l e  end product t h a t  could be removed from the moon. We point 

out t h a t  t h e  layer  whose transparency could be increased i n  t h i s  manner 

could not exceed the  thickness t o  which t h e  ions penetrate,  about 1000 

A. 
0 

Hence a rock would not become appreciably l i g h t e r  under solar-  

wind action. 2b) Some other  rapid surface bleaching process might be 

offered. The time sca le  f o r  darkening or brightening has t o  be the  

same, and i s  very shor t  geologically. Therefore any agent causing 

brightening would have t o  be f a i r l y  act ive.  A poss ib i l i t y  might be 

shock-induced changes induced by meteoroid impact, though t h i s  sugges- 

t i o n  encounters the unique d i f f i c u l t y  t h a t  micrometeorites assume a 

spec ia l  role .  T h i s  follows from the f a c t  t h a t  the occurrence of an 

extensive and dark surface s o i l  has t o  be accounted for .  ,If we accept 

t h a t  the surface rocks a re  the  remnants of large impacts and t h a t  the  

dark surface s o i l  is derived from the  ( in t e rna l ly  dark) rocks by 

medium impacts, then it fal ls  t o  the smallest  impacts t o  produce super- 

f i c i a l  surface brightening. Somehow large and medium impacts then do 

not produce brightening but  the smallest  ones do. 3 )  It is e s sen t i a l  

t o  r ea l i ze  t h a t  "brightened" mater ia l  (rock surface material) is  not 

being accumulated around Surveyor 1 i n  view of the  dark s o i l .  

1 

It 

seems unl ikelythat  meteorit ic erosion should be preferen t ia l ly  re-  

moving matter from the Surveyor 1 region and accumulating it elsewhere 

on the moon. Therefore the  suggestion of a brightening of exposed su r -  

faces almost ce r t a in ly  implies a ne t  removal of matter from the  surface 

of the moon by meteorit ic impact. Such "negative accretion" has been 
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considered by severa l  writers, (7-9) bu t  poses t h e  general problem of 

finding spec ia l  conditions f o r  accretion of t h e  moon and other  solar 

system bodies during formation. 

We conclude t h a t  the simplest explanation of a dark s o i l  and a 

darker subsoi l  amidst l i g h t  rocks i n  the  Surveyor 1 v i c i n i t y  is a dark- 

ening a t  the surface of a s o i l  being derived from the  i n t r i n s i c a l l y  

l i g h t  rocks. We w i l l  show i n  a la ter  sec t ion  t h a t  carbon accumulation 

from the  so l a r  wind alone could have been adequate t o  darken roughly 

a meter of  surface s o i l  and addi t ional  sources of carbon are  suggested. 

In  fac t ,  darkening by carbon a t  exposed surfaces seems inescapable on 

t h e  moon s o  t h a t  any hypothesis o f  brightening of exposed surfaces 

must be able  t o  overcome the carbon darkening. 

Finally,  l e t  us consider some implications of t h e  above model f o r  

other regions of the  moon when addi t ional  data a re  taken in to  account. 

The model predicts  higher albedos where e i t h e r  more rock is exposed 

or where surface material  i s  being p re fe ren t i a l ly  l o s t  due t o  horizon- 

t a l  t ransport .  A t h i r d  p o s s i b i l i t y  fo r  high albedos is  t h a t  s o i l  

slumping introduces overturning of the s t r a t i f i e d  s o i l  on a v e r t i c a l  

scale  large enough t o  expose subs tan t ia l  amounts of undarkened mte -  

r ial .  

Ray c ra t e r s  emplaced i n  mare regions are younger than the  mare and 

of ten outstandingly br ight .  Many of these b r igh t  features  a r e  a l so  

anomal.ous thermally (lo) and i n  radar reflectivity(' ')  i n  a way sug- 

gest ing subs tan t ia l ly  more surface rocks than i n  mare regions. Our 
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erosion model suggests t h a t  a surface s o i l  w i l l  be less f u l l y  developed 

(10-12) i n  such youthful features ,  as other authors have a l so  suggested, 

but  it should be rapidly forming., Copernicus, which is included i n  

t h i s  c l a s s  of ray c ra t e r s ,  was shown by us (I3) t o  have a photometric 

function indistinguishable from other  regions, including mare surfaces. 

Therefore the  op t i ca l  propert ies  of Copermicus are already dominated 

by a surface powder, 

t o  be photometrically anomalous s o  a surface powder must develop 

rapidly i n  a l l  lunar c ra te rs .  

We know of no lunar fea ture  t h a t  has been shown 

The high albedos of extended regions l i k e  the highlands pose a 

more d i f f i c u l t  problem. Highland regions have r e l a t ive ly  few thermal 

anomalies during an ec l ipse  and are  considerably cooler than maria. (10) 

This points  t o  a well-developed surface s o i l .  But uplands have a higher 

radar r e f l e c t i v i t y  than the maria, 

the  surface or roughness, or both. Ranger 9 and Lunar Orbiter photo- 

graphs have revealed t h a t  most pos i t ive  r e l i e f  features  ( c r a t e r  walls, 

cen t ra l  mountains, e t c . )  a re  pecul ia r ly  f r ee  from c ra t e r s  i n  the 100 

t o  1000 m diameter range. Orbiter photographs show some evidences f o r  

strong slumping on s teep slopes. A more common slumping on a smaller 

scale  could be the  cause f o r  the paucity of 100 t o  1000 m craters. 

Downhill t ransport  of erosion breccia  would be d i f f i c u l t  t o  distinguish 

from extensive small-scale slumping without de ta i led  study. Whether due 

t o  slumping or denuding of slopes by erosion, the Lunar Orbiter photo- 

graphs reveal most graphical ly  t h a t  s t rong slopes of kilometer dimensions 

which could be due t o  rocks near 
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usually have high albedos. On the other  hand, it may be germane 

t h a t  Lunar Orbi ter  2 photographs reveal the extreme r a r i t y  of posi- 

t i v e  relief objects (rocks?) having dimensions of 1 t o  10 m on e i t h e r  

maria or nearby mountain slopes. Further study of these sources of 

information is needed before a c l ea r  picture  can emerge f o r  the older, 

more complicated regions. Nevertheless, the  higher albedos of strongly 

sloping regions a r e  consis tent  with a model of erosion-produced sur- 

face powder being darkened by some moon-wide process. 
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111. Tm CONTROVERSY OVER DARKENING BY CONTAMINATION 

The substance of $he two papers by Nash a n d b y  Greer and Hapke 

was t h a t  darkening of powders i n  solar-wind simulation experiments might 

be dominantly due t o  carbon contamination a r i s ing  from imperfect vacuum 

conditions. Greer and Hapke reported concentrations i n  excess of 10 

ppm carbon and 10 

and alumina. 

excited by an electron beam microprobe. The i ron  arose from sput ter ing 

i n  the  ion source, but  t h e  carbon must have come from carbon-carrying 

v o l a t i l e  i n  t h e  vacuum system. Darkening by a mechanism i n  addition 

t o  contamination buildup might be indicated by the circumstance t h a t  

t h e i r  helium-irradiated na tura l  quartz w a s  s t rongly darkened (carbon 

< 10 ppm) w h i l e  hydrogen-irradiated alumina (carbon>10 ppm) w a s  t h e  

l e a s t  darkened of s i x  samples s tudied ( 3  materials bombarded by hydrogen 

or helium). However, the existence of another mechanism is uncertain 

without fur ther  study because carbon detect ion might be sens i t ive  t o  

the  se lec t ion  of powder pa r t i c l e s  ( the  number of pa r t i c l e s  studied w a s  

not s t a t e d  nor was assurance given t h a t  the  p a r t i c l e s  were de f in i t e ly  

only from t h e  topmost sample l aye r )  and t o  operating procedures with the 

microprobe (where carbon f i l m s  a l s o  are known t o  bu i ld  up).  

objection is sustained, t h e  carbon might be i n  d i f f e r ing  electronic  

states i n  the d i f f e r ing  samples such t h a t  op t i ca l  absorption per atom 

is  qui te  d i f fe ren t .  

4 
2 

ppm i ron  i n  i r r ad ia t ed  high pu r i ty  powders of quartz 

Analysis was based on detection of cha rac t e r i s t i c  x-rays 

3 4 

Even i f  no 
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The darkening of rock powders w a s  found by Nash t o  be s l i g h t  i n  

+ an ion-pumped system employing a l o w  in t ens i ty  beam of mostly H 

( f e w  H2 , H3 ). 

ions 

and 
+ + (14) In  contrast ,  the  r e s u l t s  published by Hapke 

/ 

us (I5) indicated marked darkening of similar rock powders i n  o i l -  

pumped systems employing high-intensi ty  fluxes of mostly polyatomic 

hydrogen ions a d  similar ion doses. The evidences f o r  carbon con- 

tamination given by Nash included: 1) C-H absorption i n  t h e  infrared 

f o r  material  scraped from an i r r ad ia t ed  oligoclase c rys ta l ,  2 )  high 

carbon content detected by a -pa r t i c l e  backscattering from a s o l i d  

dunite sample t h a t  had been i r r ad ia t ed  by mass-separated 10 keV pro- 

tons. Other c i rcumstant ia l  evidences were given which were not con- 

clusive. 

ber; t h e  cause of the  darkening was not s ta ted;  the beam was not di- 

rected t o  t h a t  area.  Darkening on the oligoclase c r y s t a l  disappeared 

a f t e r  an unstated period a t  600°C i n  O2 as though carbon were oxidized 

t o  CO and C02. 

then the f i l m  would a l so  disappear (become transparent)  upon oxidation. 

In  t h e  system of Pilash, elastomer O-rings a re  sources of carbon-carrying 

gas molecules. An oi l -sealed mechanical forepump used in  roughing is 

a l e s s  l i k e l y  source as it is used w i t h  a l i qu id  nitrogen cold t rap.  

In  the three invest igat ions of ion-induced darkening of powders 

Darkening occurred adjacent t o  an O-ring i n  the vacuum cham- 

But i f  the fi lm were aluminum from h i s  ion source canal, 

which are t o  be published, darkening depended on composition i n  an 

analogous way. Pure quartz or alumina darkened r e l a t ive ly  l i t t l e  i n  

comparison t o  pmders of na tura l ly  occurring mineral or rock. Nash 

mentioned i n  h i s  paper t h a t  the dependence of the  rate of darkening 
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upon composition may be explained i n  terms of contact ca t a lys i s  of 

the  decomposition of hydrocarbons on the powder grains, c i t i n g  G r i f -  

f i t h  and Marsh. (I6) They s t a t e  t h a t  oxide surfaces a re  much l e s s  

ac t ive  as ca t a lys t s  than metal surfaces and consequently are nor- 

mally used a t  higher temperatures. The reason is t h a t  only a few 

percent of the  surface is  ac t ive  i n  ca ta lys i s .  

s i t e s  a re  l e s s  suscept ible  t o  poisoning than a re  metal surfaces, bu t  

they can be obscured by the product carbon (a  carefu l ly  studied problem 

of the o i l  industry).  They state i n  r e l a t ion  t o  hydrocarbon cracking 

on non-acidic ca ta lys t s ,  "Transit ional metals such as i ron and nickel  

cause extensive breakdown t o  coke and gaseous products through disso- 

c i a t ive  adsorption and hydrogen t r ans fe r  reactions.  " 

used as a ca t a lys t  when hydrogen and carbon monoxide a re  transformed 

t o  a wide range of  hydrocarbons and alcohols i n  t h e  Fischer-Tropsch 

process. Nash then suggested t h a t  the  higher i ron and magnesium oxide 

contents of rocks, espec ia l ly  of basic  rocks, caused the more rapid 

darkening of rock powders. We support h i s  suggestion ten ta t ive ly .  

The (ac id ic )  act ive 

Iron is  a l so  

The suggestion of ca ta lys i s  is incomplete without a discussion of 

how much carbon deposit ion is expected, where the deposit is located, 

and t h e  expected opt ica l  e f fec ts .  In  the  presence of sputtering, car- 

bon cannot accumulate i n  great  amounts on the bombarded surface. For 

our paper w e  estimated stopped carbon ions i n  the so l a r  wind with so l a r  

abundance would accumulate a sa tura t ion  dose of  1.5 x 

i n  a S i0  layer  about cm th ick  ( l e s s  than 2 at .  $). We have found 

2 
carbon atom/cm 

2 
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t h a t  g lass  containing 1 a t .  5 of carbon i s  indeed very absorbent. 

the  very small thickness of the layer  i n  which t h i s  carbon is accumu- 

l a t e d  a t  the  energies of  solar-wind ions ( -10 keV f o r  C ) is  highly 

transparent., This i s  i n  accord w i t h  our observation t h a t  s o l i d  quartz 

or glass  i s  negl igibly darkened i n  sput ter ing with Hg ions of 

up t o  2 keV i n  conditions where carbon ions were ce r t a in ly  a strong 

impurity. But i f  the carbon is sput tered or otherwise t ransfer red  t o  

a portion of an adjacent powder gra in  t h a t  i s  not being bombarded, it 

can be incorporated with s i l icaceous material in to  a thick and highly 

s tab le  layer .  The concentration of carbon i n  a bui l t -up layer  might 

be a t  least approximately equal t o  t h a t  i n  t he  lom5 cm layer  i n  which 

ions are stopping i f  t r ans fe r  from the  bombarded surface t o  t h e  un- 

bombarded one is  pr inc ipa l ly  by sputtering. Direct experiments on 

whether some carbon is l o s t  t o  v o l a t i l e  substances through surface 

reactions should be made. 

But 

6+ 

+ + 
and H2 

But i n  f ac t ,  a gain i n  carbon beyond t h a t  due t o  the so l a r  wind 

should occur. Trapping of carbon-carrying v o l a t i l e s  from the tenuous 

lunar atmosphere i s  t o  be expected i n  a building-up layer. The source 

of carbon-carrying gases could be meteoroid impact explosions or vol- 

canic events. F i r s t ,  

the  sput ter ing of t he  lunar  surface should prepare many surface si tes 

(atomic i n  s i z e )  where carbon-carrying neut ra l  molecules w i l l  be cataly- 

t i c a l l y  transformed t o  carbon or extremely non-volatile substances. 

such si tes w i l l  l ead  t o  immediate entrapment of carbon by the sputtered 

f lux  of lunar  surface atoms. Other s i t e s  a re  exposed and w i l l  be 

!They could be trapped by e i t h e r  of two routes. 

Some 
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disturbed by ion bombardment (within a time period measured i n  years) .  

Some of t h i s  carbon w i l l  then be moved t o  s t ab le  s i t e s .  

carbon-carrying molecules emitted in to  the lunar  atmosphere w i l l  be 

dissociated by so la r  l i g h t  i n t o  rad ica ls  and ions t h a t  w i l l  s trongly 

in t e rac t  with the  lunar  surface upon impact. 

Second, some 

Many uncertaint ies  e x i s t  i n  a quant i ta t ive  estimate of lunar  op- 

t i c a l  e f f e c t s  due t o  carbon. We want t o  remark t h a t  carbon in  the 

so l a r  wind a l a e  could have contributed qui te  markedly t o  lunar  dark- 

ening. A t  10 5 C 6+ /cm2-sec f o r  4 x 10 9 yr, one accumulates 10" carbon/ 

2 
em a 

c les  cons t i tu tes  an approximate model for  lunar surface darkening i n  

terms of present ly  avai lable  data, one predicts  marked darkening of 

about loz5 s i l i c a t e  atoms/cm2 or about 400 gm/cm . 
should be decreased i f  carbon i n  the s o l a r  wind i s  below the so l a r  

Since a few atomic percent carbon i n  a 5p  layer  on loop par t i -  

2 T h i s  estimate 

-4 (17) abundance (6 x 10 from f l a r e  and spectroscopic data ), or i f  

carbon ions are deviated around the  moon some of the time due t o  col-  

l ec t ive  e f f ec t s  i n  the magnetized s o l a r  wind. We discussed both of  

these decreases previously (la) and concluded t h a t  they might together 

decrease the estimate by one or two orders of magnitude. Our point 

is t h a t  darkening due t o  carbon i n  a lunar  surface layer  probably can- 

not be ignored even i f  addi t ional  darkening mechanisms ex is t ,  such as 

the metal enrichment t h a t  we have expected throughout our invest igat ing 

period. 

In  favor of the  ro l e  of ca t a ly t i c  cracking of carbon molecules i n  

past  simulation experiments, w e  remark on the  slight darkening of pure 
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Si02 and A 1  0 

of t h e  two powders observed by Hapke (14) and recent ly  by us i n  a dish 

having powders i n  4 quadrants. 

periments t o  maintenance of act ive sites f o r  ca ta lys i s  and t o  contact 

between t h e  gas and s o l i d  phase components, Because of t r ans fe r  of 

atoms between powder grains,  a mixture of p a r t i c l e  compositions r e su l t s  

compared t o  the  marked darkening of a simple 1:l mixture 
2 3  

Ion bombardment is  the  key i n  these ex- 

i n  a composition mixture a t  the act ive surfaces.  Gr i f f i t h  and Marsh (16) 

c i t e  a large number of data  supporting promotion of ca ta lys i s  "by a 

second substance B added t o  a one-component substance A". 

Si02-A1 0 

ca ta lys i s  i n  cracking of carbon molecules by oxide surfaces. 

In f ac t ,  an 

mixture i s  an espec ia l ly  well-studied example of enhanced 2 3  

Finally,  we indicate  ex is t ing  data t h a t  imply an adequate source of 

carbon contaminant i n  the experiment of Hapke. In  a discussion of con- 

tamination of f resh s i l i c a  by s i l icone  o i l s ,  Holland (19) reported the 

l o s s  of surface wetting by water and the  loss of a f f i n i t y  f o r  zinc s u l -  

f ide  a f t e r  an exposure of 3 t o  5 min t o  s i l i cone  704 a t  room temperature. 

This he took t o  be the time f o r  a monolayer o f  o i l  t o  form on the  f resh ly  

evaporated s i l i c a .  T h i s  time agreed with t h e  r a t e  of t ransport  of o i l  

molecules t o  the  surface f o r  a published vapor pressure of 5 x loF9 Torr 

f o r  t h a t  o i l  a t  the  same temperature, provided t h a t  100% of the o i l  mole- 

cules were adsorbed. 

length of time f o r  f u l l  coverage t o  develop increased t o  75 min, implying 

t h a t  only about 1/20 of the molecular impacts on the  heated s i l i c a  re- 

su l t ed  i n  chemisorption. 

siloxane having a molecular weight of 484. 

- 

If the s i l i c a  surface w a s  held a t  230°C, then the 

Si l icone 704 is a te t ramethylbtraphenyl  t r i-  

Si l icone 705 differs from 
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704 by having one more phenyl group t h a t  replaces a methyl group and, 

i n  consequence of t h e  grea te r  molecular weight, it h a s  a vapor pres- 

sure lower by about a f ac to r  of 3. Notice t h a t  each adsorbed s i l i -  

cone 705 molecule involves 33 carbon atoms. 

Bapke believed the p a r t i a l  pressure of s i l i cone  705 vapor near 

h i s  sample w a s  considerably l e s s  than 1 x Torr on the  bas i s  of 

data from a commercial gas analyzer s imi la r  t o  ours. But the parent 

ion a t  m/e =546 is  outside the 

know the  ionization pa t te rn  of 

the pa r t i cu la r  gas analyzer i n  

mass range of the analyzer so one must 

t he  s i l i cone  molecule accurately for 

order t o  obtain a pressure determina- 

t ion.  In t h e  presence of ac t ive  pumping, the p a r t i a l  pressure of the  

s i l i cone  o i l  w i l l  be somewhat lower than the  vapor pressure. We con- 

s ide r  

molecule co l l i s ions  i n  the  course of Hapke's bombardment time of 0.95 

x 10 sec was approximately 5 x 10 cm If w e  estimate the s t ick ing  

a pressure of 1 x lom9 Torr as an example. The number of  o i l  

5 16 -2 

probabi l i ty  f o r  each s i l i cone  molecule on h i s  beam-heated powder sample 

was 1/33 and remember t h a t  33 carbon atoms a re  i n  each molecule, then 

5 x 10l6 carbon atoms/cm2 were adsorbed on the sample surface. 

f a t e  of such carbon atoms is, of course, not known i n  de t a i l .  But 

i f  most of t h i s  carbon were f i n a l l y  incorporated in to  a s i l icaceous 

layer,  then such a layer  would be 1.5 p th ick  a t  1-4 carbon content. 

Since the  penetration of the probing electrons is  comparable t o  t h i s  

thickness, w e  conclude t h a t  even such a minute pressure of contaminat- 

ing gas can account f o r  the  carbon detected. 

follow f o r  co as a contaminant, s ince i t s  p a r t i a l  pressure was 3 x 10-9 

The 

A similar conclusion might 
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Torr.  But i n  t h i s  case only one carbon atom is supplied per molecule. 

Therefore the s t ick ing  probabi l i ty  would have t o  be a t  least 0.1 t o  

supply enough carbon. The number of ac t ive  si tes f o r  ca t a lys i s  on 

pure oxide substances is generally lower than 0.1. On the other  hand, 

CO' ions i n  proportion t o  the p a r t t a l  pressures of H 

of about 3 x 10 

cm2 and o i l  ions another 20 x 10 . 
atoms supplied i n  ionic  form should be near unity. Therefore impuri- 

t i e s  i n  the ion beam, which was not mass-analyzed, should a l so  be can- 

s i de red. 

and CO ( r a t i o  
2, 

-5 ) would supply an addi t ional  2 x 10l6 carbon atoms/ 

16 The s t ick ing  probabi l i ty  f o r  

The above estimates are  order of magnitude only. But they serve 

t o  emphasize t h a t  important carbon contamination is  extremely hard t o  

avoid i n  simulation experiments. It is hard t o  avoid as a fac tor  i n  

lunar darkening as well. 
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N. APPROXIMA'IT LOMMEL-SI!XLIGER SCATTERING 

Hapke (20) offered the  suggestion t h a t  t h e  bri6htness of indivi-  

dual lunar  features  is governed by a r e l a t ion  of t he  form 

where the  function L( i, E )  i s  the  Lommel-Seeliger function 

L ( i , E )  = (1 + cos E sec i) -1 

= cos i /(cos i + cos E), 

and where the second function F(a)  w a s  separated in to  another product 

F(a)  = S ( a )  x B ( a ) .  ( 3 )  

The function S ( a )  describes how an average p a r t i c l e  s c a t t e r s  l i g h t  and 

B(a) r e s u l t s  from shadowing within a tenuous gurface of small, opaque 

p a r t i c l e s ,  

he compared t h e  product function L(i ,€)F(a)  t o  photometric data on 

lunar features  but  did not tes t  the v a l i d i t y  of h i s  fac tor iza t ion  ex- 

p l i c i t l y .  The recent photoelectr ic  data  of Gehrels p e t  al. 

re -analyzed ('3) t o  tes t  t h i s  fac tor iza t ion  with the r e s u l t  t h a t  t h e  

fac tor iza t ion  is, indeed, a valuable approximation f o r  cen t r a l  lunar  

features.  

Since Hapke gave e x p l i c i t  expressions f o r  S(a)  and B(a), 

were 
(a) 

Briefly,  F(a)  should be symmetric about a = Q, so multiplying 

t h e  i n t ens i ty  data  by L - l (  i,E) should resu l t  i n  ident ica l  curves f o r  

pos i t ive  and negative phases. A representative r e s u l t  is given i n  

Fig. 1. It may be seen t h a t  after mul t ip l ica t ion  by L- ' ( i ,E) ,  the  
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Fig, 1 Photometric functions F(a) i n  green l i g h t  of: 1) Mare Tranqu i l l i t a t i s ,  
l a t i t u d e  39:3, according t o  Gehrels, e t  al. (1964), 2 )  s i f t e d  l O - 2 O P  
t h o l e i i t i c  b a s a l t  powder, A, = .lO7, 3 )  same pawder compacted by shaking, 
A, = .110. 
with l i g h t  source between detector  and the surface tangent plane. Curves 
(a), (b) ,  and ( c )  are not a r b i t r a r i l y  placed but are re la ted  by limb- 
darkening e f f ec t s .  
the others  correspond t o  curves ( c ) .  

Curves (a )  a re  f o r  E = Oo,  (b) f o r  f =  50°, ( c )  for€= 50" 

The c i r c l e d  points  i n  (1) correspond t o  curves (b) ;  
. 
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data points on the  brightness of a small region i n  Mare Tranquill i-  

t a t i s  f o r  pos i t ive  and negative phases l i e  on one curve t o  the  5$ pre- 

c i s ion  inherent i n  the data. Hapke 122) later pointed out a d i f f i -  

cu l ty  t h a t  a r i s e s  i f  the moon is  considered t o  be a smooth sphere scat- 

t e r ing  according t o  t h e  assumed l a w .  A t  phases away from f u l l  moon the 

illuminated limb is predicted t o  be espec ia l ly  br ight .  

pe l l ing  experimental evidence indicates  a fa i lure  of the  suggested 

photometric function, Hapke f e l t  t h a t  a smooth moon w a s  physically un- 

r e a l i s t i c  and offered a modification of the  function L( i, € ) tha t  a f f e c t s  

the  brightness of limb features .  Central  lunar  features are  affected 

negligibly,  pa r t i cu la r ly  near f u l l  moon. After considering wha t  impli- 

cations f o r  surface compaction follow from Lommel-Seeliger sca t te r ing  

properties,  we w i l l  c i t e  some evidence t h a t  strongly suggests t h a t  

Lommel-Seeliger s ca t t e r ing  does i n  f a c t  f a i l  a t  t h e  limb, 

Though no com- 

If a powder surface is a Lommel-Seeliger s c a t t e r e r  i n  $he sense of 

(l), then viewing the sample normal t o  i ts  surface o r  from an oblique 

angle with a = 0 should reveal  an ident ica l ly  br ight  sampJe because 

L ( i  = E )  = constant. In  Fig. 1 a sample of basalt powder is shown t o  

be s l i g h t l y  darker when viewed obliquely. The sample t h a t  was s i f t e d  

f o r  minimal compaction was 5$ darker a t  E = 50" than a t  

the sample t h a t  was purposely ja r red  f o r  compaction was 10% darker a t  

E = 50" than a t  E = 0'. Second, if these surfaces w e r e  Lommel-Seeliger 

s ca t t e r e r s ,  the  curves i n  Fig. 1 f o r €  = 0" and 50" should have the  same 

E = O o ,  whereas 

shape, and the shape should be independent of t h e  sign of the  phase angle. 
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In  t h i s  t es t  the  s i f t ed  surface i s  again superior t o  the  compacted 

one as a Lommel-Seeliger s ca t t e r e r ,  but  the  function I x L-' f o r  E = 50" 

becomes progressively grea te r  than t h a t  f o r  E = 0" a t  large phase 

angles. Unlike the  Mare Tranqu i l l i t a t i s  region, which is a l so  viewed 

obliquely, a reversa l  of t h e  s ign  of t h e  phase angle at = 50" does 

not give iden t i ca l  curves f o r  the basalt sample after mult ipl icat ion 

by L-'. 

der sample i n  Fig. 1 upon the angles of incidence and emergence is 

imperfectly described by L( i, E), though the discrepancies are less than 

lo$. Darkening of such samples by sput ter ing invariably improves the 

agreement between the E = 0' and 6 = 50" curves. The laboratory data 

o f  Fig. 1 were measured t o  0.1% precision and are free from the  e r r o r  

of l i g h t  sca t te red  from the sample container. 

Therefore the  dependence of the  brightness of the  basalt pow- 

-1 
Tests of the  accuracy of (1) other than the symmetry of 1 x L 

mentioned above are not feas ib le  fo r  observations made from the  e a r t h  

unless F(a)  is considered t o  be known. For example, the darkening of 

the powder sample when viewed a t  an oblique angle with a small phase 

angle would correspond i n  the lunar  case t o  a s l i g h t  limb darkening. 

Qual i ta t ively we know lunar  limb darkening is  small, bu t  any quanti- 

t a t i v e  statements make some assumption of equal i ty  of albedos f o r  

similar features .  Second, the s imi l a r i t y  of the  photometric curves 

I x L-' f o r  the powder sample a t  d i f f e ren t  viewing angles f o r  a range 

of phase angles near a = 0 would correspond i n  the  lunar case t o  com- 

paring photometric curves f o r  d i f fe r ing  E on the  same feature.  Small 
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changes i n  E f o r  a feature  do occur because of l i b r a t i o n  but  are 

experimentally d i f f i c u l t ,  less than -8". Again, d i f f e ren t  features 

can be compared. The data  of Gehrels e t  al. reveal  t h a t  f o r  13 Lunar 

+ 

features of various types, t h e  var ia t ions  i n  the shapes of F(a) = 

I x L - l  are so small as t o  be scarcely distinguishable- i n  the  in te rva l  

5" < la1 50". Furthermore, i f  one aFsumes (1) holds for  every 

lunar  area, t h e  brightness of the whole moon is  given by 

When the  Lommel-Seeliger dependence of (4)  i s  removed from the  data  of 

R o ~ g i e r ; ~ ~ )  the mean phase angle function F(a)  is i n  very good agree- 

ment with a l l  the  lunar features  of Gehrels e t  al.  with the  possible 

exception of the br ight  ray c r a t e r  Tycho. 

.. 

For Tycho the  function F(a)  

seems t o  decrease less rapidly with increasing la\ . T h i s  comparison 

of photometric curves f o r  d i f f e r ing  E (on d i f f e ren t  fea tures )  would 

suggest t h a t  a l l  the  features  a r e  good Lommel-Seeliger sca t te re rs .  In- 

deed, a l l  t h e  features  pass the phase-angle symmetry tes t  of Fig. 1 

equally well. 

The porosi ty  of the sample surface s tudied i n  Fig. 1 was 80 t o  

90% af ter  s i f t i n g  and about 50% a f t e r  compaction. 

of the s i f t e d  surface did improve behavior as a Lommel-Seeliger sca t -  

The higher porosity 

t e r e r .  But the improvement i n  the  phase-angle symmetry tes t  w a s  not 

marked. Certainly the  s i f t e d  surface w a s  qui te  i n fe r io r  i n  t h i s  tes t  

t o  the region of Mare Tranqu i l l i t a t i s  s tudied by Gehrels e t  al .  We 



admit t h a t  such evidence might require an espec ia l ly  porous lunar  sur- 

face but  caution against  such an in te rpre ta t ion  yet. W e  have found t h a t  

a powder having d u l l  face ts  (greenstone, see below) is considerably 

superior  t o  our basalt powder sample as a Lommel-Geeliger sca t te re r ,  

even i n  a s i z e  range which is self-compacting, 20-44p, But as we 

s h a l l  presently show, the compacted greenstone powder a l s o  exhibi ts  a 

backscat ter  peak which is too strong t o  agree with the  moon whereas 

basa l t  i s  too weak. Unfortunately, w e  have not ye t  s tudied a powder 

having a backscatter peak i n  c lose agreement with the  moon so t h a t  we 

do not know i f  such a powder must be in  a very porous s ta te  i n  order  

t o  exhib i t  t h e  Lommel-Seeliger s ca t t e r ing  found fo r  cen t r a l  lunar fea- 

t u r e s .  

Very few of the data  of Gehrels e t  al .  extend beyond la1 = 50" 

but  the data  of Rougier for  the whole moon extend from a = -130" t o  

a = +150°. We want t o  point out a feature  of Rougier's data  t h a t  re-  

quires a modification of Lommel-Seeliger s ca t t e r ing  of the s o r t  suggested 

I f  one assumes the  v a l i d i t y  of (1) and a smooth lunar sur- 
(22) 

by Hapke. 

face, (4)  follows. 

Seel iger  s ca t t e r ing i s  removed from t h e  data of Rougier, (23) the  function 

$(a)  continues t o  decrease exponentially w i t h  phase angle in  the whole 

range s tudied by Rougier. In  con- 

trast  t o  such a great  decrease, our analogously obtained function I x L 

i n  Fig. 1 and i n  other comparable data decreases only s l i g h t l y  beyond 

But when the  term i n  (4)  a r i s i n g  from assumed Lommel- 

For example, F(120°)/F(5") = 0.155. 
-1 

la1 = 60" or i n  fact increases beyond 60". For powders having albedos 
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i n  the lunar  range, F(120°)/F(5") is 0.5 t o  1. 

smaller r a t i o s  are found. B u t  the  decline i n  F(a) up t o  la1 = 60" is 

then too rapid and is followed by a slow decrease t o  

For much darker powders, 

la1 = 120". 

Since t h e  illuminated limb of the moon is not smooth b u t  appears 

t o  be a s e r i e s  of t i l t e d  surfaces t o  an observer, the assumption of (1) 

i n  unmodified form overestimates the  coef f ic ien t  of ?(a) i n  (4) .  

fore  $(a)  is underestimated when (4)  is inverted. 

There- 

According t o  Hapke, 

the r e l a t i v e  e r r o r  w i l l  increase with phase, as i s  noted here. We con- 

clude t h a t  the  strongly declining brightness of the whole moon beyond 

la] = 60" requires important shadowing e f f ec t s  i n  a surface macro- 

s t ructure .  Careful measurements of t h e  brightness var ia t ions of limb 

features  a t  large phase angles should permit separation of the e f f ec t  

of shadows due t o  mountainous t e r r a i n  from shadows i n  t h e  macrostructures 

resolved i n  t h e  Luna 9 and Surveyor 1 photographs. One would assume an 

F(a) based on laboratory data, provided such data were reproducible 

under su i tab le  experimental conditions e We have not ye t  car r ied  out 

such a program, In any case, it should be c l ea r  t h a t  no evidence on 

the lunar  surface compaction is  forthcoming from photometric data a t  

large phase angles because the  macrostructure is not intimately known. 

The main change t h a t  t h i s  sect ion represents i s  t h a t  e f f ec t s  of a 

rough macrostructure must be incorporated in to  t h a t  pa r t  of t h e  lunar 

photometric function t h a t  depends upon t h e  angles of incidence and emer- 

gence, namely in to  L ( i , E )  i n  (1). We had previously supposed t h a t  t h i s  

Lommel-Seeliger f ac to r  w a s  s o  well-demonstrated f o r  the lunar case t h a t  
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residuals  between the lunar function and laboratory samples had t o  be 

found i n  F(a). 

t a n t  from the limb regions where t h e  Lommel-Seeliger f ac to r  must be 

But the  features  s tudied by Gehrels  e t  al. were ais- 

modified. 
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V. COMPLICATIONS I N  THE LUNAR PHOTOMETRIC FUNCTION 
A R I S I N G  FROM MULTIPLE SCATmRING 

A. Color Changes with Phase a t  Moderate Phase Angles 
A t  small phase angles, the e f f e c t s  of shadows i n  a macrostructure 

should become negl igible  i n  comparison with shadows i n  a very porous 

microstructure, The theory of Hapke (20) w a s  intended t o  t r e a t  t h i s  case 

of small phase angles, bu t  it contains some mathematical flaws i n  the 

f i n a l  s teps  which w i l l  be discussed elsewhere. gave a more 

exact analysis  of shadowing ef fec ts ,  including multiple s ca t t e r ing  ef-  

fec ts ,  drawing from theor ies  st imulated by observations of the r ings 

of Saturn. But the  theory is not complete without assuming a sca t t e r ing  

function S ( a )  f o r  an average p a r t i c l e  and performing numerical integra- 

t i ons  of several  i n t eg ra l  equations. Besides, t he  approximation of ge3 - 
metric op t ics  was made so t h a t  a softening of shadows by d i f f r ac t ion  

could be t r ea t ed  only qua l i ta t ive ly .  The brightness var ia t ions  of a 

lunar  fea ture  could depend upon photon frequency because of  multiple 

s ca t t e r ing  and d i f f rac t ion .  We now c i t e  lunar and laboratory photo- 

metric observations t h a t  suggest the first of these correct ions t o  p r i -  

mary sca t t e r ing  has been detected in  two ways and should be incorporated 

in to  an adequate theory. Wz w i l l  conclude t h a t  the lunar  photometric 

function is compatible with sca t t e r ing  from a powder surface but  t h a t  

a low-density surface i s  not  necessar i ly  required. 

Gehrels e t  al .  observed t h a t  the  lunar  b w k s c a t t e r  peak is stronger 

a t  higher photon frequencies (lower p a r t i c l e  albedos). 

w a s  t h a t  t he  moon becomes more reddish with phase according t o  the  rela- 

t i o n  (corrected f o r  the  co lor  of sunl ight )  

What they noted 

(U-G) = +0.496m + 0.0036 la1 . 

-32-  



This indicates  t h a t  t h e  moon is b r igh te r  i n  green l i g h t  than i n  u l t r a -  

v io l e t  l i g h t  by about 0.5 stellar magnitudes (by 1.62) a t  f u l l  moon and 

t h a t  the  r a t i o  is increased by another 14% a t  la1 = 40". Wildey and 

d id  not not ice  such a tendency i n  the  shor te r  frequency in te r -  Pohn 

va l  from blue t o  green, probably because of excessive s c a t t e r  in t ro-  

duced by inadequate corrections for atmospheric extinctions.  They noted 

a cor re la t ion  between the mean color  of 25 lunar  features  observed on 

1 4  nights i n  1962-1963 and the  mean ext inct ion coef f ic ien t  on the res- 

pective nights.  

each of t h e i r  runs on 25 features  (1 or 2 runs per night)  and obtained 

a cor re la t ion  r e l a t ion  t o  the ex t inc t ion  coef f ic ien t  X i n  U-B of the 

f o m  

(25) 

We therefore  calculated t h e  mean value of (U-V) f o r  

- 
U-V = 1.517 - O . 7 6 5 X  . 
- 

After correction of each U-V t o  constant ext inct ion coeff ic ient ,  we 

found t h a t  these data do support a reddening with phase amounting t o  

0.0036 mag/deg i n  the  U,G i n t e rva l  of Gehrels e t  a l . ) .  

of color on phase might be uncertain by a f ac to r  of two according t o  

these badly sca t te red  data, but  the e f f e c t  seems real. Concerning our 

treatment of the  data  of Wildey and Pohn we remark t h a t  it seems de- 

s i r ab le  t o  study the l a rges t  frequency in te rva l ,  U-V, t o  take advantage 

of  the g rea t e r  albedo contrast ,  t h a t  the ext inct ion coef f ic ien t  f o r  U-B 

w a s  t h e  only one published, and t h a t  the mean color  of a group of fea- 

tu res  should exhib i t  a phase dependence common t o  each of them. Coyne 

s tudied the  differences i n  color  of a la rge  number of lunar  features  a t  

various phases and found no phase var ia t ion  i n  t h e  lunar  color differences.  

The dependence 

( 2 6 )  
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Apparently the  phase dependence of lunar  color exhib i t s  the same kind 

of unanimity t h a t  t h e  lunar  color  does. We indicate  below why t h i s  

should be so. 

I n  Fig. 2 we show t h a t  a reddening w i t h  phase of the  proper magni- 

tude i s  present i n  s c a t t e r i n g  from a powder, i n  t h i s  case from a meta- 

morphic rock commonly ca l l ed  greenstone. T h i s  powder has r e l a t ive ly  

opaque pa r t i c l e s  with rough facets ,  but is otherwise undistinguished. 

The s teeper  descent of F(a) f o r  the unsputtered or sputtered samples 

when measured i n  u l t r av io l e t  l i g h t  instead of green l i g h t  amounts t o  

an increase i n  t h e  r a t i o  of  brightnesses o f  roughly 14$ a t  

The f a c t  t h a t  the symmetry of t he  curves i n  Fig. 2 is  not ident ica l  

i n  the d i f f e ren t  colors on the same surface resu l ted  from moving the  

sample between changing f i l t e r s  i n  order t o  make the  albedo deter- 

minations - Therefore s l i g h t l y  d i f f e ren t  sample areas were viewed. 

The sharper decrease i n  F(a) as photon frequency increases has been 

confirmed f o r  a11 reddish surfaces so  far studied, but  the phase de- 

pendence of the color  vanishes f o r  gray powders l i k e  graphite, Sic, 

or MgO. By studying a f ixed area of the sample, the phase coeff i -  

c ien ts  of the color of these pmders i n  several  s i ze  ranges were 

found t o  be l e s s  than 

la1 = 40". 

mag/deg i n  our blue-to-red interval .  

The way t o  see t h a t  t h i s  dependence of t he  photometric function 

upon color  is due t o  multiple sca t te r ing  and is negl igibly due t o  d i f -  

f rac t ion  is  t o  not ice  t h a t  the  extent  of multiple sca t te r ing  depends 

upon albedo but  not upon photon frequency. Therefore a t  d i f f e ren t  

- 34- 



10- 

9 

8 

7 

6 

5 

c-. 

.rl 

a m 
04 

W 
m 
0 
V 

4- 
rl 
u 

2 
X' 
x x m 
d 
a, 
-P 
$2 
H 

c 
L 

1 

2 

\ / 

3 

u - 60 - 30 
Phas 7 Angle, a 

. 
I 

150 



frequencies fo r  which the  albedo is the  same, the  measured photo- 

metric function shapes should be t h e  same i f  multiple s ca t t e r ing  is 

the  cause of t h i s  color-phase e f f ec t .  

independent of photon frequency f o r  the  gray powders mentioned above, 

The e f f e c t  can a l so  be seen i n  Fig. 2. The unsputtered sample has 

an albedo of 0.18 i n  u l t r a v i o l e t  l i g h t  (curve IC); after sput ter ing 

4 f o r  the equivalent of 10 years, the sample has an albedo of 0.13 

i n  red l i g h t  (curva 2a) ;  the  function shapes a re  c losely similar des- 

p i t e  the  difference i n  photon frequency. The analogous curves 2c 

and 3a i n  Fig. 2 are a l so  c lose ly  similar t o  each other; the respec- 

t i ve  albedos a re  0.068 and 0.062. We f ind  a similar r e s u l t  f o r  l a r -  

ger p a r t i c l e  s izes .  Since the surfaces are compacted f o r  t h e  l a r g e r  

p a r t i c l e  s izes ,  t h i s  e f f e c t  therefore  does not require an underdense 

surface s t ruc ture .  

pendence of lunar color  upon phase a t  

about the  lunar  surface compaction. 

The photometric function Q 

In  par t icu lar ,  one should not hope t h a t  the de- 

la] >3" w i l l  imply anything 

The main change i n  t h i s  sect ion w a s  the  inclusion of data from 

Wildey and Pohn, a reference pointed out t o  us by a referee.  

3 and 4 we give the  analysis  t h a t  l ed  us t o  t h e  conclusion t h a t  these 

data do indeed support a dependence of lunar color  upon phase. We 

a lso  examined whether there  w a s  any dependence of the  U-V t o  X 

cor re la t ion  on t h e  angle of elevationof the  moon. 

by the idea t h a t  possibly the  ext inct ion corrections had simply been 

In Figs. 

- 

This w a s  motivated 

car r ied  out incor rec t ly  i n  the computer program. But no obvious de- 

pendence on the  angle of e levat ion of t he  moon appears. 
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t o  constant U-3 ex t inc t ion  according t o  the l i n e a r  regression of Fig. 3 .  
The corrected mean co lor  U-V' is  p lo t ted  a t  the  mean phase angle occurring 
during the observation of t e 25 features .  
suggested by Gehrels  e t  al.Y2l) f o r  t h i s  &hoton frequency interval ,  0.0036 
mag. /deg . 

The p lo t t ed  curve has the  slope 
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( 2 0 )  Another change was our acceptance of the analysis  of I rvine 

follow<ing pr iva te  correspondence with Hapke, who succeeded i n  clari- 

fying the  physics involved. 

B. The "Opposition Effect" 

I n  Fig. 1, t h e  photometric function f o r  the basalt powder sample 

is  seen t o  have two f a i r l y  d i s t i n c t  regions: an abrupt drop i n  br ight-  

ness t o  a = 3" followed by a more gentle decline a t  l a rge r  phase angles. 

Most of the  breadth of t h e  peak a t  small phase angle is due t o  the 

angular resolut ion of the ref1ectometer:Aa = l.Oo, divided in to  

At- = 0.3" andAi  = 0.7" i n  approximately rectangular responses. The 

la1 21" w a s  measured i n  the usual way laboratory data  i n  Fig, 1 f o r  

with the reflectometer. The data f o r  la1 <ao were checked w i t h  a 

beam-splitting arrangement and t h e  point  for a = 0 w a s  thus added. 

The s teep  decrease of the lunar F(a)  for O< Tal <5" as 

_. 

la1 
increases w a s  f i r s t  es tabl ished by Gehrels e t  al . ,  then extended t o  

addi t ional  features  by van Diggelen, (27) who a l so  reviewed the  e a r l i e r  

data  i n  which t h i s  oppostion e f f e c t  w a s  suggestive. The ca l ibra t ion  

of van Diggelen depended upon t h a t  of Gehrels e t  al., bu t  i n  re- 

analyzing t h e i r  data w e  found such a la rge  s c a t t e r  f o r  la) <3" 

t h a t  w e  can only estimate 1.25 < F(O0)/F(5") C 1.5. 

the  opposition e f f e c t  with type of lunar feature  cannot be confidently 

es tabl ished from t h e s e  data. 

Variations i n  

By comparision, t h e  r a t i o  F( 0" )/F( 5" ) 

w a s  estimated t o  be i n  the  range 1.6 t o  2.2 by Gehrels e t  al .  and 

van Diggelen, which seems t o  be an overestimate. The r a t i o  i s  1 .23  
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f o r  t he  s i f t e d  powder of Fig. 1 and only 1% less f o r  the compacted 

sample. Both of our r a t i o s  are a p t  t o  be underestimated because our 

angular resolut ion Aa = 1.0" is about three times poorer than t h a t  

of t h e  sun-moon-observer system, 

According t o  Franklin and Cook, ( 2 8 )  Saturn 's  r ings exhibi t  a 

marked opposition e f f ec t .  The r a t i o  F(O0)/F(5") w a s  1.49 i n  v isua l  

frequencies and 5% grea te r  i n  blue l i gh t .  The change i n  brightness 

with phase i s  pa r t i cu la r ly  rapid f o r  la) < Z "  and t h e  difference i n  

F(O0)/F(5") fo r  blue and green l i g h t  develops i n  t h i s  angular range. 

For la] > Z "  the  r a t e  of change i n  brightness is 0.036 mag/deg and 

t h i s  slope is the  same f o r  the two frequencies, within the experi- 

mental uncertaint ies .  It is nearly the  same as those f o r  the moon 

( 0  028 mag/deg ) and Mercury (0 038 mag/deg ) according t o  Harris e (29)  

For 

of which 0.63 mag r e s u l t s  from t h e  color  of  t he  sun. 

0.84 mag f o r  the  moon according t o  Gehrels e t  a l .  the  r ing  pa r t i c l e s  

are s l i g h t l y  more reddish than the moon's surface. Since a = 5.5" 

la) >2" the  color  of the sca t te red  l i g h t  is  (B-V) = 0.86 mag, 

Since (B-V) = 

is  the l a rges t  accessible  phase angle fo r  Saturn as seen from the 

earth,  a color-phase relat ionship of 1.7 x 

Gehrels e t  al.  f o r  t h e  moon i n  B-V) would not be detectable i n  Saturn's  

mag/deg (as given by 

rings beyond la1 = 2', even i f  it existed.  

great  importance t o  the color-phase relat ionship f o r  la1<2" as a feature  

of t he  oppostion e f f e c t  fo r  Saturn 's  r ings and sought t o  account f o r  

it with two a l t e rna te  models involving the presence of micron-size 

Franklin and Cook attached 

pa r t i c l e s  i n  the  rings.  The opposition e f f e c t  i t s e l f  w a s  assumed t o  
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r e s u l t  frc.2 shadowing by independent par t ic les .  Because the angular 

diameter of the  sun is only 3.4' a t  Saturn, the  dust cloud i n  e i t h e r  

model must be qui te  dense, The r ing  thickness, surprisingly,  is only 

of the  order of 10 cm according t o  t h i s  in te rpre ta t ion .  

We wish t o  remark t h a t  t he  opposition e f f e c t  which has been es- 

(30-31) tabl ished f o r  the moon, Saturn 's  rings, and ce r t a in  as te ro ids  

i s  probably a multiple-scattering phenomenon involving shadows i n  a 

porous substance (powder?). In  observations t o  be reparted i n  more 

d e t a i l  elsewhere, we have found t h a t  the  color of t h e  l i g h t  back- 

sca t te red  from a powder changes abruptly a t  small phase angles just 

as f o r  the rings of Saturn, provided the  powder is reddish. But f o r  

the gray powders mentioned above there is no color-phase relat ion-  

ship f o r  la rge  or small phase angles. We surmise t h a t  t h e  f a c t  t h a t  

t h i s  e f f e c t  reveals i t s e l f  a t  very small phase angles is  re la ted  t o  

t h e  high r e f l e c t i v i t y  of any d i e l e c t r i c  surface a t  glancing inci-  

dence and emergence. 

only requires a surface i n  which a re  located some pores t h a t  a re  ra ther  

deeper than they a re  wide. Since the opposition e f f ec t  i s  espec ia l ly  

marked i n  fo re s t s  and grassy f i e l d s  t o  an observer i n  an airplane,  

the  mere occurrence of an opposition e f f e c t  does not require micron- 

s i ze  pa r t i c l e s ,  obviously. Further experimects with b e t t e r  angular 

I f  so, the occurrence of the opposition e f f e c t  

resolut ion t h a t  we have used and more lunar observation;S are needed 

before any decision can be made on whether the lunar  opposition 

e f f e c t  requires an especial ly  porous surface. We do expect, however, 
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t h a t  the lunar  opposition e f f e c t  w i l l  exhib i t  a color-phase pheno- 

menon comparable t o  t h a t  observed i n  Saturn 's  rings. 

The foregoing in t e rp re t a t ion  of t he  opposition e f f e c t  is announced 

f o r  t he  first time i n  the paper t o  be published. We here give a few 

remarks. The reddening with phase i n  the  opposition e f f e c t  and a t  

la rger  phase angles on reddish surfaces indicates the gradually in- 

creasing importance of multiple scat ter ing.  But t h e  changes i n  color  

appear t o  be minor beyond about a = 40". 

highly transparent c r y s t a l s  l i k e  MgO might be complicated by the pre- 

sence of coherent r e f l ec t ion  toward the  l i g h t  source. 

The opposition e f f ec t  on 
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